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Abstract 
It has recently been found that a large c-axis current injection into a stack of the intrinsic Josephson 
junctions (IJJs) of Bi2Sr2CaCu2O8+y makes the doping level change reversibly and controllably [Y. Koval et al., 
Appl. Phys. Lett. 96, (2010) 082507]. This can be one of promising in-situ methods to control superconducting 
properties, such as superconducting critical temperature Tc of high-Tc superconductors. We re-examined this doping 
process with changing the number of IJJs in a stack, and studied the influence on the vortex state, especially vortex 
lattice melting transition. Increase of the melting transition fields was observed by the current injection doping, 
suggesting the reduction of the anisotropy γ (=λc/λab). Dependence of the threshold voltage for the current injection 
doping on the number of IJJs, relaxation of the c-axis resistance in room-temperature undoping process, and the 
change of the anisotropy were evaluated. 
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1. Introduction 
 In past decades, numerous extensive efforts have been devoted to control superconducting properties, especially 
critical temperature Tc, at will, by physical doping processes like the electrostatic-field effect [1] and photodoping 
effect [2]. Recently, Koval et al. had discovered a new way to control the carrier doping levels, i.e., a large c-axis 
current injection into the stack of the intrinsic Josephson junctions (IJJs) of Bi2Sr2CaCu2O8+y (Bi2212). It can tune 
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the doping level from underdoped to overdoped state reversibly, depending on the applied voltage [3,4]. The doping 
starts above a threshold voltage Vth around 1-2V, and the undoping occurs in further higher voltages in z-shaped 
Bi2212. More recently, Motzkau et al. have studied this phenomenon in mesa-type samples of pure, Pb-substituted, 
and Y-doped Bi2212 and found another type of doping/undoping mechanism additionally, where the doping or 
undoping alters by changing the polarity of the applied voltages [5]. Thus, the current-injection doping is interesting 
in itself, and provides a valuable tool to tune the superconducting properties of Bi2212. However, only a few studies 
have been performed for this phenomenon and there is no work how the vortex states are influenced by the current-
injection doping so far. 
It is well known that vortex system in clean single crystals of high-Tc superconductors shows a variety of phases 
and transitions between them, e.g., the first-order melting transition of vortex lattice [6]. The doping dependence of 
the vortex phase diagram has already studied by changing the oxygen content of Bi2212 [7]. For comparison, in 
present study, we have examined the current-injection method to control the vortex states of Bi2212 without using 
any chemical means.  
2. Experiments 
High-quality single crystals of Bi2212 were grown by the traveling-solvent floating-zone method [8]. To measure 
properties of IJJs stacks, z-shaped samples were fabricated by the double-side etching technique [9] only using 
focused Ga+ ion beam (JEOL JEM-9320FIB) for the etching process. Dimensions of rectangular IJJs part in the 
sample used in present study are 6.710 μm2 in ab-plane. The number of IJJs in the stack was increased by 
additional Ar-ion millings to study IJJs number dependence of current injection doping in the same sample. 
Transport measurements were performed in a vacuum chamber with movable sample stage cooled by a 
cryocooler, in which functions of Ar-ion milling and application of magnetic field are selectable by change of the 
location of the stage. I-V measurements were performed in the current-bias mode. Tc of the virgin sample was 91.2 
K defined by the half drop of resistance in the superconducting transition, indicating that the sample was almost 
optimally-doped initially. As shown in Fig. 1, various processes were sequentially applied on this sample, i.e. the 
current injection doping, the undoping at room temperature, and Ar-ion milling. These processes did not change the
Tc much, less than 2 K. Temperature dependence of the c-axis resistance (R-T) after or during each process is shown 
in Fig. 1 in time series with the numbering of (1) to (9).  
Fig. 1. Evolution of the temperature dependence of c-axis resistance (R-T) with various successive processes. All current injection dopings were 
done at 60-65 K. (a) R-T curves before and after the current-injection doping and undoping at a room temperature before the first milling process 
(1)-(3) with a curve after the first milling (4). (b) R-T curves between the first and second milling processes [(4)-(6)]. (c) R-T curves after the 
second milling [(7)-(9)]. The inset shows the relaxation of the resistance during the undoping process at a constant temperature of 303 K (9) with 
a fitting curve of the double exponential function. 
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3. Results and discussion 
Initially, the sample had 5-6 IJJs in the stack, as indicated in the number of multiple branch structure of I-V curve 
shown in the inset of Fig.2. IV curve in the current-injection doping process is shown in Fig.2. During gradual 
increase of the applied current (or voltage), we could find that a threshold voltage Vth, where the voltage starts to 
decrease with time, was 0.8 V at 7 mA. Holding a little higher current makes the resistance smaller gradually, which 
corresponds to the current-injection doping [3-5]. After waiting for a certain time, the current was returned to zero to 
quench the state. R-T curve (2) in Fig. 1(a) indicates that Rc in the normal state is totally reduced, which means the 
doping level shifts toward the overdoped side. In a very slow warming (taking 5-6 hours) of R-T (2) measurement, 
we could see that the Rc approached to the initial value from above 270 K (undoping process). Actually, R-T curve 
(3) after the undoping almost coincides with the curve (1). Our observations mostly reproduce the earlier reports 
[3,4], although the fact that Rc returns to the initial value in the room-temperature undoping is slightly different from 
their results, in which the original value was not restored. This may be related to a difference of initial doping level 
of samples. It was optimum doping in present case, while they had started from the underdoped sample. 
Interestingly, this kind of relaxation has not been observed in a Bi(Pb)2212 mesa [5]. 
 To check the dependence of Vth on the IJJs number in the same sample, the sample surface was flatly milled by 
Ar-ion beam after the measurement of R-T (3). The number of IJJs had been increased up to ~20. Figure 1(b) shows 
R-T curves (4)-(6) in a sequence of doping and undoping processes in the milled sample, in which we can see the 
nearly same behavior as that observed before the milling, except a little increase of Vth. Tc was changed from 90.3 K 
(4) to 89.2 K (5) by the current injection doping. The results after a further Ar-ion milling are shown in Fig.1(c). To 
observe a change of Rc in the room-temperature undoping process, the temperature was raised rapidly from R-T (8) 
to (9). The relaxation curve of Rc at 303 K is shown in the inset of Fig.1(c). The curve was well fitted by a double 
exponential or a stretched exponential function. It was always possible to achieve the current-injection doping to 
overdoped side by choosing a suitable applied current, while the undoping by the much-higher current injection [3] 
was not tested here, because it was found that samples often manifested irreversible changes, probably by some sort 
of damage, in this hard process. IJJs-number dependence of Vth including data in a different sample is plotted in Fig. 
2(b) with the data of Koval et al. [4]. The tendency that Vth increases with increasing the number of IJJs is 
reproduced.  
Fig. 2. (a) Change of IV curve during the current injection doping from virgin state (1) to doped one (2), whose numbers correspond to those in 
Fig. 1. The inset is IV curve in virgin state (0) at 65.0 K, which indicates the sample contains 5-6 IJJs in the stack. (b) Junction number 
dependence of the threshold voltage, above which the injection doping starts,  with the data of Koval et al.[4]. The solid circles show the results 
of main sample, and the solid square is obtained in another sample. 
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Fig. 3. Influence of the current injection doping on the vortex state. The numbering in these figures is corresponding to those in Fig. 1. (a) Change 
of magnetic field dependence of Ic from virgin state (1) to doped one (2). (b) Change of the melting transition lines of vortex lattice in H-T 
diagram (4) before and (5) after the current injection doping with fitting lines by the decoupling theory. The inset shows a collapse of both data 
onto single curve (1/t-1) in reduced temperature t and field h.
To investigate how the vortex state is modified by the current-injection doping, the magnetic field dependence of 
Ic and Rc were measured at some stages of the processes.  Figure 3(a) shows change of Ic-H curves by the current-
injection doping before the Ar-ion milling. As we have already reported, the vortex-lattice melting transition can be 
observed as a sudden enhancement of Ic [10], which is corresponding to the structures pointed by arrows in Fig. 3(a). 
It can be clearly seen that the current-injection doping makes the melting field ܪ௠  higher. The same thing is 
demonstrated in Fig. 3(b) for the phase boundaries between the vortex solid and liquid determined by Rc-H
measurements. Both curves before and after the injection doping can be fitted by a formula of the decoupling theory 
݄ ൌ ͳȀݐ െ ͳ, here ݄ ൌ ܪȀܪ଴, and ݐ ൌ ܶȀ ௖ܶ [6,11,12], and coincide in the plot by h and t shown in the inset. These 
increases of the phase transition lines are explained by a change of the doping level, since it is known that ܪ௠
increase with increasing doping level via a decrease of the anisotropyɀ [7,12]. Actually, the interlayer couplings are 
improved by the current injection as it is recognized from the increase of Ic in Fig. 3(a). Using an empirical scaling 
factor for the vortex-lattice phase transition, ܪ଴ሾሿ ൌ ʹǤͺͷߛିଶݏିଵ  [12], where ݏ [cm] is the distance between 
superconducting layers, we evaluated ɀ, which decreases from 249 to 212 in the case of Fig. 3(b). Hence, the 
current-injection doping also enables us to tune the vortex states as well as chemical doping. 
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